While tropical cyclone (TC) prediction, in particular TC genesis, remains very challenging, accurate prediction of TCs is critical for timely preparedness and mitigation. Using a new version of the Geophysical Fluid Dynamics Laboratory (GFDL) coupled model, the authors studied the predictability of two destructive landfall TCs: Hurricane Sandy in 2012 and Super Typhoon Haiyan in 2013. Results demonstrate that the geneses of these two TCs are highly predictable with the maximum prediction lead time reaching 11 days. The ''beyond weather time scale'' predictability of tropical cyclogenesis is primarily attributed to the model's skillful prediction of the intraseasonal Madden-Julian oscillation (MJO) and the westward propagation of easterly waves. Meanwhile, the landfall location and time can be predicted one week ahead for Sandy's U.S landfall, and two weeks ahead for Haiyan's landing in the Philippines. The success in predicting Sandy and Haiyan, together with low false alarms, indicates the potential of using the GFDL coupled model for extended-range predictions of TCs.
Introduction
Tropical cyclones (TCs) are one of the most common and devastating natural disasters that result in serious impacts on marine activities and coastal communities. Two intense landfall TCs-Sandy in 2012 and Haiyan in 2013-have received great attention given their severe damages and the resultant enormous losses (Blake et al. 2013; Malakoff 2012; Lander et al. 2014) .
On 21 October 2012, the storm that would become Hurricane Sandy formed over the central Caribbean. The incipient Sandy moved northward over Jamaica on 24 October, over Cuba the following day, and continued migrating northward thereafter. After passing near Bermuda, Sandy curved northwestward and made landfall along the densely populated U.S. Atlantic coast near Atlantic City, New Jersey, late on Monday evening, 29 October. Sandy was the second most expensive Atlantic TC in history, causing over $60 billion (U.S. dollars) in damage, and claimed 147 lives in Jamaica, Cuba, Haiti, the Dominican Republic, Puerto Rico, the Bahamas, the United States, and Canada (Blake et al. 2013) . Sandy was the largest Atlantic TC since those records began on 1988, causing wind damage as far inland as the Indiana shore of Lake Michigan (Blake et al. 2013) . Despite its impact and size, Sandy was only a minimal category 1 hurricane upon landfall and had been undergoing extratropical transition into a midlatitude cyclone.
Much more intense, and much deadlier, was Super Typhoon Haiyan, which occurred just over a year after Sandy. Haiyan formed in the western North Pacific (WNP) on 3 November 2013, and a few days later underwent a rapid intensification. It first affected the Federated States of Micronesia and Palau. Satellite estimates indicated a storm with 1-min sustained winds possibly as high as 87.5 m s 21 on 7 November (Lander et al. 2014 ), before making a cataclysmic landfall near Guiuan, eastern Samar. Haiyan then crossed the Philippines, migrated westward into the South China Sea, and made its landfall in Vietnam as a weak TC. This storm caused more than 6000 deaths and left 14 million affected.
(http://reliefweb.int/sites/reliefweb.int/files/resources/ HB-AP-2013.FINAL__0.pdf) Typhoon Haiyan reached a category 5-equivalent super typhoon on the SaffirSimpson hurricane wind scale as the strongest TC in 2013 and also the strongest TC at landfall on world record (Lander et al. 2014) . Previous studies have primarily focused on track predictions only after tropical cyclogenesis has occurred, and prediction skill has been steadily increasing in recent decades. For example, the Atlantic basin TC track error has been reduced substantially from around 400 km in the 1970s to around 100 km in the early 2010s with respect to the 3-day lead forecast (http://www.nhc. noaa.gov/verification/verify5.shtml). For Hurricane Sandy, the European Centre for Medium-Range Weather Forecasts (ECMWF) made a successful prediction of the TC ashore one week ahead (Kerr 2012) . The U.S. models in general showed less skill in predicting the landfall for Sandy than the ECMWF model (Blake et al. 2013) .
Our knowledge about cyclogenesis is severely limited in understanding whether an observational tropical disturbance will evolve into a full TC or not although some progresses have been achieved recently (e.g., Fu et al. 2012; Peng et al. 2012) . Thus, cyclogenesis prediction is still a challenging task that remains an area requiring considerable additional research. Up to now, the Joint Typhoon Warning Center (JTWC) only provides 24-h TC genesis forecast for the western Pacific and Indian Oceans, and the National Hurricane Center (NHC) provides 48-h and 5-day experimental TC genesis probability forecast for other basins including the Atlantic and eastern Pacific.
Geophysical Fluid Dynamics Laboratory (GFDL) global climate models have been used for seasonal forecast for TC genesis with significant prediction skill (Chen and Lin 2013; Vecchi et al. 2014) , while its capability in predicting an individual TC has not been studied yet. In this study, a new version of the GFDL coupled model is used to explore the predictability of individual TC (Sandy and Haiyan), and demonstrate the potential of this model for extended-range TC prediction.
Data, model, and methodology
The observational TC data before 2013 are from the International Best Track Archive for Climate Stewardship (IBTrACS) version v03r05 (Knapp et al. 2010) , and given the data lag for incorporating 2013 seasonal data into IBTrACS, the track data for Typhoon Haiyan are obtained directly from the Regional Specialized Meteorological Center in Tokyo (http://www.jma.go.jp/jma/ jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html). For comparison with Sandy-induced precipitation and snowfall, we use the observed daily rainfall databased on the Tropical Rainfall Measuring Mission (TRMM) version 3B42 (Huffman et al. 1995) , and daily snowfall analysis data from the National Operational Hydrologic Remote Sensing Center.
A new version of GFDL coupled model was employed in this study, which is similar to the ForecastOriented Low Ocean Resolution (FLOR) version (Vecchi et al. 2014 ) of GFDL CM2.5 (Delworth et al. 2012) . The main difference between the new model and FLOR is the convection scheme in the atmospheric model. Based on the GFDL High Resolution Atmospheric Model (HiRAM) with a single convective plume (Zhao et al. 2009 ), the new convection scheme introduces an additional bulk plume to represent deep convection [referred to as a double-plume convection (DPC) scheme]. More details about the convection scheme and its performance in climate simulations are referred to in M. Zhao et al. (2015, unpublished manuscript) . The ocean model horizontal resolution is about 18, and the atmospheric model has a roughly 50-km horizontal grid spacing and 32 vertical levels, formulated on a ''cubed sphere'' grid described on 6 sides of a cube projected onto a sphere (Putman and Lin 2007) .
The initial conditions are obtained through a simple nudging method. The atmospheric nudging fields include winds, surface pressure, geopotential height, and temperature using the National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS) analysis data (;28 km, 6-h interval) as used in Chen and Lin (2013) for seasonal hurricane predictions. Following Zhang et al. (2014) , the sea surface temperature (SST) is nudged to National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation 1 /4 Degree Daily SST Analysis (OISST, v2) (Reynolds et al. 2007 ). The nudging time scale is 6 h for atmospheric variables and 1 day for SST. The coupled model is spun up with the observed atmospheric and SST conditions from 1 January 2010 to October 2012 and October 2013 to generate the initial conditions for predicting Sandy and Haiyan. Initial conditions are archived each hour. Each ensemble is integrated forward one month for prediction.
A simple tracking scheme is adopted using primarily the sea level pressure (SLP) to detect TCs (L. Harris et al. 2015, unpublished manuscript) . We have compared the results by using another tracking
scheme (Zhao et al. 2009 ) and the results remain very similar.
Results

a. Climatological tropical cyclogenesis in the model
Before examining model prediction skill for Sandy and Haiyan, it is informative to investigate the model's general performance in simulating climatological tropical cyclogenesis especially during the latter portion of TC season. Figure 1 depicts the climatology of tropical cyclogenesis for a 30-yr period from observations, an Atmospheric Model Intercomparison Project (AMIP)-like simulation, and a fully coupled simulation. Here the ''AMIP-like'' simulation is referred to a coupled run but with daily SST nudging to observations from 1984 to 2013. In general, the genesis location and density agree reasonably well with observations in both of these experiments. The annual mean TC counts in AMIP-like and fully coupled runs are 80.8 and 79.8, respectively, in great agreement with the observed value of 81.1 per year. Note that the TCs with lifetimes less than 3 days were excluded. The most apparent bias is more cyclogenesis over the Eastern Hemisphere but less over the Western Hemisphere (Fig. 1 ). In the fully coupled run, considerable bias is seen over the WNP with the maximum center expanding far more eastward (Fig. 1c) . Additionally, compared with both the observations and AMIP-like run, the genesis density is lower over the western North Atlantic but more over the southern Atlantic in the coupled simulation.
Since Hurricane Sandy and Super Typhoon Haiyan were generated during the latter portion of their TC seasons, special attention was paid to the period from 15 October to 14 November (black dots in Fig. 1 ). It is noted that the coupled run produces very few TCs over the Caribbean Sea within 30 years ( Fig. 1c) , while this is much improved in the AMIP-like run despite the northward displacement of genesis location (black dots in Fig. 1b ). Over the WNP, both the fully coupled and AMIP-type runs produced more TCs to the east of 1708E. However, less TC genesis is evident over the region west of 1408E. As expected, the AMIP-type run performs better in simulating cyclogenesis because of the better mean state, which justifies the mean state (SST) adjustment for seasonal prediction (Vecchi et al. 2014) . For the short-term prediction, however, the SST nudging would be suitable as the mean state is not expected to drift much from the initial conditions.
b. Cyclogenesis prediction
The above results illustrate the capability of the GFDL model in simulating the climatology of tropical cyclogenesis. Given this, a series of hindcast experiments are made for both Sandy and Haiyan. Figure 2 depicts the 5-and 10-day lead forecast results, where 25 members are used for each day. For example, the cyclogenesis time for Sandy (when it became a tropical storm) was found at 1200 UTC 22 October 2012. For the 5-day lead forecast the initial conditions for these 25 ensemble members were produced with the coupled system nudging from 0000 UTC 17 October to 0000 UTC 18 October (one forecast every hour). The ''correct'' prediction is counted by the cyclogenesis within 1.5 days around the observed genesis time (a 3-day window). a disturbance becoming a tropical depression compared to a tropical storm is usually within one day of each other. Figure 2 shows that most of the members produce ''Sandy like'' and ''Haiyan like'' TCs with their genesis locations slightly to the north or northeast of the observations for both the 5-and 10-day lead forecasts. The location biases to a certain degree reflect the systematic bias of the model as shown in Fig. 1 . The genesis locations are rather concentrated for different ensemble members, indicative of the high predictability of cyclogenesis for these two cases.
To quantitatively measure the cyclogenesis prediction skill, a traditional verification statistics, namely, probability of detection (POD, or named hit rate) is used here. As mentioned above, we use a correct prediction time window, 1.5 days around the observed genesis time. We use spatial limits of 600, 700, and 800 km for 5-, 6-, and 7-day lead forecasts, respectively, and 900 km for 8-to 13-day lead forecasts. Meanwhile, the early and late genesis cases are defined as the cyclone numbers 1.5 days before and 1.5 days after the correct prediction time window, but with the same spatial limits as the correct forecasts. For example, for the 5-day lead forecast, 25 ensemble members predict 12 cases during the 3-day correct forecast window, and 8 cases during 1.5 days before and after the correct forecast window. Thus, the POD is 48.0% (12/25), and the early/late genesis ratio is 32.0% (8/25). From the 5-to 11-day lead forecast, the POD is all above 60% for both Sandy and Haiyan (Fig. 3) . The skill drops dramatically for the 12-and 13-day lead forecasts. Meanwhile, there are some early/ late genesis cases for Sandy for the 7-13-day lead forecasts, implying that the model still has some skill in predicting the Sandy genesis for the 12-and 13-day lead forecasts. In contrast, there are only a few early/late genesis cases for Haiyan for the 10-and 11-day lead forecasts. The above results suggest that the geneses of these two TCs are highly predictable for a lead time of at least 11 days, a time scale slightly beyond the medium-range weather time scale (;7-10 days).
During 21-23 October 2012, there were four TCs worldwide including Sandy that provided additional opportunities to test the validity of our methodology and model performance (Fig. 4) . In addition to Sandy, the geneses of the other three TCs are also skillfully predicted with at least a 6-day lead time, and this included a weak TC over the Arabian Sea that can even be predicted 10 days in advance (not shown). Intriguingly, the model produces very few false alarms spatially (Figs. 4a,b) , which is another crucial aspect in measuring the skill of TC prediction. These results suggest the great potential of our model in predicting the tropical cyclogenesis during the latter TC season.
c. Understanding the predictability source of cyclogenesis
The U.S. National Weather Service issues mediumrange weather forecasts over the next 3-7 days and extended-range forecasts for 6-10 and 8-14 days. By contrast, the definition of medium-range forecasts from the World Meteorological Organization (WMO) is 7-10 days, and 10 days up to 1 month for extended-range forecasts. The beyond weather (or extended range) time scale is usually thought to be a difficult time range for prediction, as it is sufficiently long for the atmosphere to lose its memory from initial condition and probably too short for oceanic variability to provide a predictability source (Vitart 2014) . However, some low-frequency variability modes in the atmosphere-ocean coupled system may provide a predictability source for cyclogenesis, such as the intraseasonal Madden-Julian oscillation (MJO; Fudeyasu et al. 2008; Fu and Hsu 2011;  The extended-range TC predictability might be conceived in the skillful prediction of MJO. We examined the MJO signals before the Sandy and Haiyan genesis by using a 20-100-day bandpass-filtered data for observations and 7-day running mean data for model prediction (after removing its 1-month mean). As shown in Fig. 5a , before Sandy genesis, strong intraseasonal westerly wind prevailed over the northeastern Pacific and south Caribbean Sea accompanying pronounced precipitation mainly over the Caribbean Sea, representing a typical active phase of MJO over this region (Maloney and Hartmann 2000) . Before Haiyan genesis, enhanced precipitation was apparent over the WNP but suppressed precipitation was over the Maritime Continent and the north Indian Ocean (Fig. 5c) , suggesting a typical phase 5 of boreal summer MJO mode (Waliser et al. 2009 ). How does MJO influence the cyclogenesis? Increased low-level absolute vorticity and the moistening of the midtroposphere due to enhanced surface heat flux and convection, were argued to facilitate the cyclogenesis (Maloney and Hartmann 2000; Camargo et al. 2009 ).
One distinct difference between these two cases is that the pronounced lower-level convergence is apparent over the WNP (around 1508E), but not over the Caribbean Sea (Fig. 5) . The presence of the large-scale confluent flow associated with MJO in the WNP may favor the energy accumulation of easterly waves as well as the formation of TCs (Tam and Li 2006) . The model predicts well the lowlevel wind and precipitation prior to the Sandy and Haiyan genesis (Figs. 5b and 5d) , suggesting that the skillful prediction of MJO may play a prominent role on the successful predictions of Sandy and Haiyan.
Yet, it should also be noted that the MJO usually exhibits a larger spatial scale and longer time scale than TCs. A successful prediction of an active phase of the MJO provides a wide time window and a large spatial area favoring the tropical cyclogenesis. However, our model prediction illustrated that the predicted genesis timing was in a narrow time window, and the locations were rather concentrated and close to the observed genesis location for the majority of the predicted cyclogenesis (Fig. 2) . This indicates that some other factors may work cooperatively for skillful prediction of cyclogenesis. Although there are substantial differences for the precursor disturbance between the Atlantic and WNP, easterly waves act as one common factor triggering the TC development in these two basins (e.g., Landsea 1993; Ritchie and Holland 1999; Belanger et al. 2010; Li 2012) . The TC genesis associated with easterly waves usually tends to occur near the intersection of the critical surface and the trough axis of the precursor parent wave according to the so-called marsupial theory (Dunkerton et al. 2009; Wang et al. 2009 ). The westward propagation of easterly waves offers predictability for the TC genesis. The 3-8-day bandpass-filtered 700-hPa meridional wind averaged over 58-178 clearly features the easterly wave couplets starting from the west coast of Africa on around 11 October 2012 and propagating westward into the Caribbean Sea (Fig. 6a) . The 10-day lead forecast can reasonably predict the propagation of easterly waves (Fig. 6c) , leading to the genesis of ''Sandy'' after reaching the convective center related to MJO (Fig. 5a) . Similarly, the external forcing from a train of Pacific easterly waves, manifested as wave couplets in the 850-hPa meridional wind, was also crucial in triggering the Haiyan's genesis although the predicted easterly waves were weaker than what was observed (Figs. 6b,d ). The Pacific easterly waves propagate into the convective region associated with MJO (west of 1708E) and stall for about two days before a TC formed. Along the easterly wave track, another reason for the genesis location in the Caribbean Sea and WNP (near 1508E) rather than in their eastern part is the relatively stronger mean vertical wind shear and cooler SST in the eastern Atlantic and eastern Pacific.
Here we did not emphasize the possible role of SST for the geneses of these two TCs based on the following reasons. Before Sandy's genesis, about 0.28C SST warming was found over the south Caribbean Sea. This is due to the MJO variability as the anomalous intraseasonal westerly wind (Fig. 5a ) is against the climatological mean easterly wind so as to reduce the mean evaporation. From late June of 2013, pronounced SST warming (.0.38C) was seen over the western Pacific including the region of Haiyan's genesis. It lasted for several months and thus should be excluded as the direct factor driving the Haiyan genesis. and 10 days prior to its genesis despite a systematic northward bias (Fig. 2) . Meanwhile, most of the ensemble members show the landfall time in Samar, Philippines, on 7 November 2013 for both 5-and 10-day lead forecasts, implying that the model has the capability to predict its first landfall with a lead time of about two weeks. For Hurricane Sandy, the 5-day lead forecast predicted a reasonable northward movement crossing Cuba as a typical storm trajectory in the latter TC season over this region, but failed to predict its northwestward curvature toward the northeastern United States. The 10-day lead forecast exhibited a diverse track with most of the ensemble members predicting a westward trajectory to the Gulf of Mexico, suggesting that the model completely loses all skill in predicting the actual trajectory.
The predicted northwestward curvature of Sandy in the midlatitudes continues to pose a great forecasting challenge. With the initial conditions before the observed genesis, this model was not able to predict this northwestward turn as well as the final landfall into the United States. However, the successful prediction can be achieved with initial condition on 22 October 2012 after its genesis despite the slightly northward landfall location (Fig. 7a) . The atmospheric nudging is applied beyond a radius of 300 km and we use a ''bogus'' method to incorporate the observational SLP associated with Sandy (from IBTrACS) into the 300-km radius area Here a 3-8-day bandpass filter is applied to the wind data, while for prediction, the observed data are used before the prediction starting time. A wave propagation feature is more apparent at 850 hPa than that at 700 hPa for Haiyan (not shown).
near the TC center before the real forecast. The reason we did not use the NCEP analysis data nudging near the TC center is due to the fact that the assimilation of atmospheric data tends to filter out small-scale perturbations, prohibiting the potential development of TCs in the model (Zhang et al. 2014) . The bogus method is only suggested to use for prediction after TC genesis. With the initial condition on 23 October, almost all the members are capable of predicting its landfall location on New Jersey (Fig. 7b) as well as the landfall time on late 29 October or early 30 October. The northwestward curvature is mainly driven by a high pressure system over the northwestern Atlantic Ocean (Barnes et al. 2013) . The model can well predict this high center near 558N, 508W (Figs. 7c,d ), leading to the successful landfall prediction for Sandy. The track prediction skill is comparable with the ECMWF forecast results (Kerr 2012) . The anomalous high in the North Atlantic actually reflects one component of a strong negative phase of North Atlantic Oscillation (NAO). Further analysis shows that the NAO-related winds largely stems from the 20-100-day intraseasonal variability (ISV). It gives a clue that the predictability source for the landfall of Sandy may also come from the ISV, which may also be linked to the tropical MJO-forcing effect (Cassou 2008) . While the landfall location for Sandy was in New Jersey, the maximum precipitation associated with Hurricane Sandy and its extratropical remnants were observed near southern Maryland and Delaware for 27-31 October 2012 (Blake et al. 2013) . The predicted precipitation pattern is very similar to observations with a maximum over 200 mm (8 in.) (Fig. 8b) . Of particular interest is that the model does very well in predicting the pattern of the tropical cyclone-induced snowfall that occurred over West Virginia and Pennsylvania but with underestimated amplitude (Fig. 8d) . We also examine the precipitation associated with Haiyan, and the model can predict the precipitation reasonably well with two weeks lead time, although the maximum center shifts northward together with weakened magnitude (Figs. 8e,f) . These results are encouraging. 
Conclusions and discussion
The Superstorm Sandy in 2012 was the largest TC (by area) over the Atlantic basin on record and Haiyan in 2013 was the strongest landfall typhoon in history. Understanding the predictability of their genesis has great societal and scientific significance. This study attempts to reveal the predictability of these two TCs by using a new version of the GFDL coupled model system with a simple atmospheric and SST nudging method for initialization. Results show that the geneses of both TCs can be well predicted with a lead time of 11 days, a skill beyond the medium-range of weather forecasts. Further analysis suggests that these two TCs share a similar source of predictability for genesis, which is attributed to the MJO and the westward propagation of easterly waves. The landfalls of Sandy and Haiyan can also be well predicted with one-and two-week lead times, respectively. Although this study focused only on two important cases, it may give us some confidence using this model for individual TC prediction, especially for those triggered by the MJO and easterly waves. This study suggests some potential improvements of the lead time of current operational forecasts and provides useful guidance on extended-range time-scale TC forecasts, while a larger, statistical sample size is needed to thoroughly evaluate this model. A sensitivity test for the impacts of model physics on TC predictive skills was also performed. The GFDL HiRAM atmospheric model has been demonstrated to be one of the best models in simulating and predicting TCs especially over the Atlantic Ocean when forced by observed SST (Chen and Lin 2013; Zhao et al. 2009; Shaevitz et al. 2014) . Forecasts were also carried out by using the coupled model but with the HiRAM atmospheric model component (retaining exactly the same for other components and the initialization). The 5-day lead forecast has no skill (no ensemble members predicting the Sandy-like TC) in predicting the geneses of Sandy mainly because of the unrealistically strong vertical wind shear over the Caribbean Sea in the predictions (figure not shown). The improved skill in TC prediction may be attributed to a better representation of the tropical mean state through adoption of the new DPC cumulus scheme over the single plume convective scheme as used in HiRAM.
It should be noted that here we use a relatively coarseresolution atmospheric model (;50 km) for TC prediction and a very simple initialization method (nudging) compared to operational forecast systems. Thus, our forecast experiments show very encouraging results and suggest large potential for future operational forecasts. Given the skillful predictions skill on seasonal to decadal time scales of GFDL coupled models (e.g., Vecchi et al. 2014; Jia et al. 2015; Yang et al. 2013) , we have increased confidence to develop and deliver a seamless forecast model from weather to climate time scales. A more comprehensive assessment of the predictability of cyclogenesis and TC track will be conducted based on forecasts of more TC events in the future.
